a tubular retraction system (METRx, Medtronic Sofamor Danek). Pedicle screws and rods were placed percutaneously (CD Horizon Sextant, Medtronic Sofamor Danek). A newly designed reduction screw extender (Figs. 1 and 2) allowed for spondylolisthesis reduction by incorporating an adjustable inner sleeve. This sleeve, which attaches to the pedicle screw inserted into the listhesed vertebral body, can translate up to 2 cm relative to the extender body. After a screw has been inserted into the nondisplaced adjacent vertebral body and a percutaneously inserted rod has been locked to the nondisplaced screw, the driving mechanism on the reduction extender is slowly turned. This maneuver pulls the inner sleeve and the screw attached to the listhesed vertebral body back towards the rod, reducing the spondylolisthesis (Fig. 3) .
In each case the patient was positioned prone on a Jackson spinal surgery table. In some cases, positioning alone resulted in some degree of postural reduction. A midline mark was drawn on the dorsal skin surface. Parallel lines were then drawn 4-4.5 cm from the midline mark on either side. The MI-TLIF approach was carried out from the side that was most symptomatic. Under fluoroscopic guidance, a 22-gauge spinal needle was used to determine the skin entry point and the trajectory to the appropriate interspace. Once an appropriate entry point and trajectory were determined, a 1-inch incision was centered on that point. A K-wire was then advanced until the fascia was pierced. Sequential dilation was performed and a 22-mmdiameter tubular retractor of appropriate length was placed (Fig. 4) .
Under microscopic visualization, a high-speed drill was used to make a cut through the lamina, just medial to the facet joint. The cut was extended cranially to the level of the pars, at which point a transverse cut was made through the pars. Once these cuts were made, the inferior articular process was "free floating," and it was then removed and saved as autograft. The remaining superior articular process was also resected, as was the underlying ligamentum flavum, exposing the dural sac and the lateral edge of the traversing nerve root. If a more central and/or contralateral decompression were desired (as for concomitant spinal stenosis), the tubular retractor was "wanded" medially. The drill was then used to undercut the contralateral lamina and the underlying ligamentum flavum was removed, as necessary.
Once an adequate decompression was obtained, a complete discectomy was performed. If the disc space was collapsed, a small osteotome was used to initially open it. A distracting osteotome was then employed to further open the disc space so that sequential intervertebral distractors could be used to restore disc height (Fig. 5) . Of note, distraction of the disc space often resulted in some measure of spondylolisthesis reduction. This technique for interbody distraction and reduction utilizing sequentially larger dilators was previously described by Mummaneni and Rodts. 10 After disc space distraction, attention was turned to the contralateral side for pedicle screw placement. Using the previously drawn line 4-4.5 cm from the midline, two 22-gauge spinal needles were used to determine entry points for placement of the pedicle screws. A 1-inch incision was centered between the entry points of the spinal needles. Under anteroposterior and lateral fluoroscopic guidance, each pedicle was traversed with a Jamshidi needle followed by placement of a K-wire and needle withdrawal. At this point, if adequate spondylolisthesis reduction had been accomplished with patient positioning and/or distraction of the disc space, appropriately sized pedicle screws were inserted followed by the placement of a percutaneous rod. If, however, further spondylolisthesis reduction was desired, appropriately sized screws were loaded into the reduction screw extenders. Based on the amount of reduction desired, the inner sleeve of the cephalad screw extender was adjusted. Once the screws had been inserted into the pedicles, a rod of appropriate length was positioned via the percutaneous arc. The screw extenders were aligned in the sagittal plane so that the force applied by the reduction screw extender resulted in posterior translation without rotation of the listhesed vertebral body. The variable sleeve of the caudal screw extender was adjusted to the "reduced" position, and a set screw was placed into the caudal pedicle screw head, fixating the rod into a position offset from the cephalad screw head (Fig. 6 ). Shortening the sleeve of the cephalad screw extender pulled the screw head to the rod, thereby reducing the spondylolisthesis and allowing the placement of a locking set screw. Multiple fluoroscopic images were obtained during reduction. Of note, even in patients with Grade II spondylolisthesis, an attempt was made to fully reduce the slippage as long as adequate disc space distraction had been achieved.
Attention was then returned to the ipsilateral side, where the intervertebral distractor was removed. Distraction was maintained by the contralateral pedicle screw and rod construct (Fig. 6D ). The empty disc space was filled initially with rhBMP-2 soaked in a collagen sponge carrier as well as local autograft, leaving a channel for an interbody implant. An appropriately sized polyetheretherketone (PEEK) interbody implant was selected and filled with rhBMP-2 and autograft. Because of the oblique trajectory afforded by starting 4-4.5 cm off the midline, the interbody implant could be placed so as to cross the midline of the disc space. Once the graft was placed, attention was returned to the contralateral side where the cephalad locking screw was loosened. The screw extenders were compressed to produce segmental lordosis, and final tightening of the locking screws was carried out. The tubular retractor was removed,
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Minimally invasive TLIF for spondylolisthesis and, using the same 1-inch incision, percutaneous pedicle screws were placed on the ipsilateral side. Although it is possible to place the ipsilateral screws under direct visualization, a larger retractor is typically required. To minimize incision size and consequent adjacent tissue injury, our preference was to remove the tubular retractor and place screws percutaneously. After placement of the screws, a percutaneous rod was positioned into place via the arc, the screw extenders were compressed, and final tightening of the last set of locking screws was performed.
Results
Of the 40 patients in the clinical series, 21 (52.5%) were men; the mean age was 56 years (range 38-71 years, Table  1 ). Thirty patients carried a diagnosis of degenerative spondylolisthesis and the remaining 10 had isthmic spondylolisthesis. Thirty-two patients had a Meyerding Grade I spondylolisthesis, whereas 8 had a Grade II slippage. The most common level treated was L4-5 (28 patients) followed by L5-S1 (8 patients) and then L3-4 (2 patients). Two patients underwent a 2-level fusion involving L4-S1. All patients underwent MI-TLIF with bilateral percutaneous fixation (Fig. 7 ). There were no conversions to an open procedure.
The mean duration of follow-up was 35 months (range 24-60 months). The mean leg pain VAS score for leg pain was 65 (range 9-99) preoperatively and decreased to 8 (range 0-22) at 2-year follow-up. The mean VAS score for back pain was 52 (range 0-97) preoperatively and decreased to 15 (range 0-36) at 2 years postoperatively. The mean ODI score was 55 (range 44-80) preoperatively, whereas at 2-year follow-up it was 16 (range 2-38). A partial or complete reduction was accomplished in all cases. The mean translational reduction was 76% based on review of preoperative and postoperative radiographs. Postoperative CT was obtained at 2-year follow-up in all patients.
Fusion defined by bridging bone (Fig. 8) was demonstrated in all cases.
Discussion
A number of studies have evaluated the outcomes of posterolateral fusion for the treatment of spondylolisthesis. Ghogawala et al. 4 reviewed 34 cases involving patients with degenerative Grade I spondylolisthesis, 14 of whom underwent laminectomy and posterolateral fusion and 20 of whom underwent laminectomy alone. In the fusion subgroup, the preoperative ODI and SF-36 physical component summary scores were 41.5 and 29.8, respectively, P. Park and K. T. Foley FIG. 5 . Lateral fluoroscopic images showing restoration of disc height. A distracting osteotome is used to enter the disc space and obtain enough height to allow placement of the initial distractor, followed by sequentially larger interbody distractors. Note that in this case, there is minimal spondylolisthesis reduction with distraction. 16 improving to 14 and 45.7 at 1-year follow-up. These postoperative outcomes were significantly better than those observed in the laminectomy alone subgroup. In another study, Wu et al. 16 evaluated outcomes in 82 patients who underwent laminectomy and instrumented posterolateral fusion for degenerative spondylolisthesis and had been subsequently followed up for a minimum of 2 years. The mean preoperative ODI score was 56, decreasing to a mean of 30 at last follow-up. Similarly, in a prospective randomized study comparing posterolateral fusion to conservative therapy for isthmic spondylolisthesis, Möller and Hedlund 9 found significant improvement in the pain index (average of 2 pain VAS scores) and the Disability Rating Index (DRI). In the 77 cases evaluated, the preoperative pain index and DRI were 63 and 48, respectively, decreasing to 37 and 29 at 2-year follow-up.
In evaluating the outcomes of interbody fusion, Sears Note that the inner sleeve of the caudal screw extender has been adjusted to the non-extended ("reduced") position so that there is no offset of the rod to the caudal screw head. The caudal screw serves as the fixed point during this cantilever-based reduction process. Translation of the cephalad inner sleeve pulls its attached screw head to the rod, reducing the spondylolisthesis (B-D).
low-up of 21.4 months. Lauber et al. 7 studied 39 cases involving patients treated with open TLIF for spondylolisthesis. Nineteen cases were degenerative, 19 were isthmic, and 1 was dysplastic. In the isthmic/dysplastic subgroup at 2-year follow-up, the mean VAS (0-10 scale) and ODI (0-50 scale) scores were 3.65 and 10.95, respectively, compared to preoperative scores of 7.15 and 20.05. In the subgroup of patients with degenerative disease, the VAS and ODI scores had also decreased from preoperative values of 8.05 and 27.6, respectively, to postoperative scores of 5.42 and 20.0. Of note, 4-year follow-up scores were reported for 7 patients in the degenerative subgroup; the mean VAS and ODI scores had increased to 6.8 and 21.1, respectively. This increase was attributed to further aging of the spine rather than recurrent symptoms at the previously treated segment.
Although MI-TLIF is a relatively new technical advancement, recent studies suggest that the procedure is as effective as open TLIF in the treatment of degenerative disc disease and/or spondylolisthesis. Schwender et al.
14 reported a 100% fusion rate and significantly improved outcomes in 49 patients (22 with spondylolisthesis) at 1 year, with the VAS and ODI scores decreasing to 2.2 and 18, respectively, from preoperative values of 7.2 and 46. In another study, Scheufler et al. 13 In our study, significant improvements in ODI and VAS scores were also noted. The preoperative mean ODI score of 55, signifying moderate disability, decreased to a postoperative mean of 16, reflecting minimal disability. The leg and back pain VAS scores improved from preoperative means of 65 and 52, respectively, to postoperative means of 8 and 15. With a minimum follow-up of 24 months, symptomatic improvement appears durable and our follow-up period represents one of the longest to date for studies of MI-TLIF. Our results suggest that the clinical outcomes of MI-TLIF compare favorably to outcomes reported for the equivalent open procedures, with the added benefit of minimizing adjacent tissue injury from the minimally invasive approach.
In this paper we have also presented a detailed guideline for performing MI-TLIF and highlighted nuances that we believe will assist surgeons in performing the operation. In all MI-TLIF procedures, determining the ideal entry point and trajectory for optimal placement of the tubular retractor will provide adequate exposure and minimize the need to move the retractor during the operation.
In cases of spondylolisthesis, as is true for open procedures, several methods are employed to achieve reduction during MI-TLIF. Postural reduction occurs with proper patient positioning on the operating table. In cases of degenerative spondylolisthesis, distraction of the disc space (distractive reduction) may significantly decrease the degree of slippage. If significant spondylolisthesis persists after positional and distractive reduction, translational reduction afforded by the reduction screw extenders allows the option of further reduction. While the primary goals of surgery for symptomatic spondylolisthesis remain decompression of the compressed neural elements, restoration of foraminal height, and spinal stabilization, the ability to safely perform spondylolisthesis reduction not only improves sagittal balance but also may potentially improve outcomes.
Conclusion
In the treatment of symptomatic lumbar spondylolisthesis, MI-TLIF appears to be an effective option, yielding clinical outcomes that are comparable to open surgical procedures. Methods for reduction of spondylolisthesis include positional, distractive, and translational techniques. The availability of reduction screw extenders offers the surgeon an opportunity for percutaneous translational reduction of spondylolisthesis. extenders used in this study were part of an evaluation set of instrumentation provided by Medtronic, but no other support was received for this study.
